Comparisons of in vivo (mouse stomach) and in vitro (laboratory culture) transcriptomes of Lactobacillus reuteri strain 100-23 were made by microarray analysis. These comparisons revealed the upregulation of genes associated with acid tolerance, including urease production, in the mouse stomach. Inactivation of the ureC gene reduced the acid tolerance of strain 100-23 in vitro, and the mutant was outcompeted by the wild type in the gut of ex-Lactobacillus-free mice. Urine analysis showed that stable isotope-labeled urea, administered by gavage, was metabolized to a greater extent in Lactobacillus-free mice than animals colonized by strain 100-23. This surprising observation was associated with higher levels of urease activity and fecal-type bacteria in the stomach digesta of Lactobacillus-free mice. Despite the modulation of urea hydrolysis in the stomach, recycling of urea nitrogen in the murine host was not affected since the essential amino acid isoleucine, labeled with a stable isotope, was detected in the livers of both Lactobacillus-free and 100-23-colonized animals. Therefore, our experiments reveal a new and unexpected impact of Lactobacillus colonization on urea hydrolysis in the murine gut.
A
wealth of information about the genetic mechanisms and physiological capacity that enable bacterial species to inhabit specific habitats has been obtained from the study of pure cultures in the laboratory. In some cases, manipulation of physical or chemical factors has been crucial in revealing critical virulence or colonization attributes of bacterial species because they are induced only under particular conditions (1) . Despite the value of in vitro studies such as these, the vast majority of microbes live in complex, dynamic environments that cannot be reproduced with any ease in the laboratory. Many of the biotic and abiotic features of the habitat are often unknown. There is clearly a need to understand bacterial function in the actual environments that they inhabit (their "secret lives"), where they are exposed to a multiplicity of beneficial and potentially harmful influences (2) . Outcomes of habitat studies in which the function of particular bacteria is measured therefore help to reveal the mechanisms of ecological success of bacteria, such as gut commensals (2) .
Lactobacillus reuteri strains that are rodent specific colonize the epithelial surface of the mouse forestomach. Lactobacilli sloughed from the epithelium-associated biofilm are present in the digesta in the remainder of the digestive tract (3) . Much knowledge of the genetic and ecological characteristics that enhance the ability of L. reuteri to colonize the murine gut has been obtained through the study of strain 100-23 (see, for example, references 4 to 6). These studies included the use of in vivo expression technology (IVET), which showed that some Lactobacillus genes are transcribed only under in vivo conditions. It is likely that genes upregulated under in vivo conditions encode factors critical to life in the gut and provide, in part, the basis for the autochthonous nature of strain 100-23 (7, 8) .
Our recent study with strain 100-23 used microarray and metabolomic comparisons of the wild type (WT) and a luxS mutant derivative to determine altered gene transcriptions and the resulting metabolic consequences to the bacteria (9) . We now aim to extend knowledge of the ecological effects of colonization of the mouse stomach by strain 100-23 initiated through a microarray screen of Lactobacillus gene transcription. A new and unexpected impact of Lactobacillus colonization on global urea hydrolysis in the digestive tract was revealed using a combination of microarray comparisons of bacterial gene expression, probing of urea utilization with stable isotope-labeled urea, and in vitro experiments with strain 100-23.
MATERIALS AND METHODS
Bacterial strains. L. reuteri 100-23C, a plasmid-free derivative of strain 100-23, was used in the experiments. The annotation of the plasmid sequences in 100-23 (GenBank accession numbers GU108604.1 and U21859.1) suggests that they do not encode metabolic activities. Cultures of this strain, here referred to as 100-23 or the WT, were grown anaerobically in lactobacillus MRS medium (MRS; Difco) at 37°C.
Lactobacillus-free mouse experiments. Animal experimentation was approved by the University of Otago Animal Ethics Committee (approval number 02/2009). Lactobacillus-free mice were bred and maintained in Trexler isolators and fed a standard rodent diet that had been sterilized by gamma irradiation. All other materials that were used to maintain the animals were sterilized by autoclave, and standard germfree procedures were used in the general care of the animals (6). Lactobacillus-free mice do not have lactobacilli as gut inhabitants but have a large bowel microbiota typical of that of conventional mice. The mice provide animal hosts that are naive with respect to lactobacilli but whose tissues have been conditioned by exposure to a complex microbiota (10) .
Lactobacillus-free mice (males and females) that were 6 weeks of age were inoculated by intragastric gavage (ϳ1 ϫ 10 6 cells per mouse) as described previously (7) . Mice were inoculated with pure cultures of either the wild-type or mutant strain or, in competition experiments, with 1:1 mixtures of the mutant and wild-type strains. In experiments with mice colonized by a single Lactobacillus strain, Lactobacillus populations were measured in gut samples at 7 days after inoculation by quantitative plating on Rogosa SL agar (Difco) (11) . Lactobacillus counts were determined for the forestomach, jejunum, and cecum. In competition experiments, quantification of the mutant strain as a proportion of the total Lactobacillus populations in gut samples after 7 days of colonization was achieved by determining the counts on Rogosa SL agar plates with and without erythromycin, as described previously (7) . For microarray experiments, the mice were sampled 14 days after inoculation. Mice were killed by carbon dioxide anesthesia followed by cervical dislocation.
RNA extraction for transcriptome analysis. To obtain RNA for microarray experiments, forestomach epithelial scrapings and digesta from mice (pooled from two litters of eight animals each to give two biological replicates of pooled RNA) were suspended in RNAprotect Bacteria reagent (Qiagen). Samples were centrifuged at 150 ϫ g, the supernatant was removed and centrifuged at 300 ϫ g, and then the supernatant was removed and bacterial cells were pelleted at 5,000 ϫ g. Bacterial cells from the scrapings and digesta of eight mice were pooled in TRIzol reagent. To obtain RNA from cultures, cells were harvested (12,000 ϫ g, 30 s) from 5-ml cultures of L. reuteri 100-23 grown for 4 h (log-phase growth) and 8 h (stationary-phase growth). The cell pellets were washed once with RNAprotect Bacteria reagent and suspended in 1 ml of TRIzol reagent. Duplicate samples of purified RNA were extracted as previously described (9) but with the additional step of the removal of eukaryote RNA from the in vivo samples by a MICROBEnrich kit (Ambion). The RNA to be compared by microarray analysis was amplified using a MessageAmp II Bacteria kit (Ambion). Five hundred nanograms of total RNA from the in vitro and in vivo samples in a final volume of 5 l was used as a template. During the in vitro transcription step to synthesize amplified RNA (aRNA), the modified nucleotide 5-(3-aminoallyl)-UTP (aa-UTP; Ambion) was incorporated into the aRNA in an equal proportion to unmodified UTP. The aaUTP-labeled aRNA was hybridized to a custom-designed Agilent microarray specific for L. reuteri 100-23 (GEO accession number GPL10986, series number GSE36286). Details of the microarray hybridization are as described previously (9) . Microarrays were scanned at 5 m using a GenePix 400B scanner (photomultiplier [PMT] settings, 780 for red channel and 510 for green channel; Axon Instruments) and GenePix Pro (version 6.0) software. The GenePix array list (GAL) file was used for extraction of the microarray results. Feature extraction was performed using Agilent Feature Extraction (version 9.5.3.1) software, and microarray data were processed as described by García de la Nava et al. (12) and van Hijum et al. (13) . Differential gene expression was determined by a cyber t test (14) . Genes with a P value of Ͻ0.001 and greater than a 2-fold difference in expression under the two conditions were considered differentially expressed. A comparison of RNA isolated from uninoculated (Lactobacillus-free) animals with RNA extracted from a laboratory culture (see "Lactobacillus-free mouse microarray control" and Table S3 in the supplemental material) of L. reuteri 100-23 revealed 155 genes that had at least one probe on the microarray that cross-hybridized to cDNA derived from uninoculated mouse material. The genes that cross-hybridized were excluded from further analysis.
Derivation of ureC mutant. To ascertain the biological importance of the ureC gene (Fig. 1) , insertional mutagenesis was achieved by site-specific integration of the plasmid pORI28 into the L. reuteri 100-23 chromosome as described previously (15) . An internal region (969 bp) of the ureC gene was amplified by PCR with the primers F_2500070114 urease (GAC TGG ATC CTT TTA CGG GCC AAC TAC TGG) and R_2500070114 urease (GAC TGA ATT CAA CGT CAT CCG GAA TCT TTG) and cloned into pORI28. Integration of the plasmid into the ureC gene was confirmed by PCR with test primers flanking the target region. The stability of the mutation was determined by serial subculture in MRS medium as described previously (15) . Erythromycin (5 g/ml) was included in the culture medium used to maintain the mutant but not in cultures used to harvest cells for RNA purification.
Acid tolerance of L. reuteri. To test the potential benefit of ammonia production, thereby neutralizing acidity by hydrolysis of urea, the bacteria were grown in MRS broth with or without 2% (wt/vol) urea. The culture pH was measured over a 72-h period. To test the potential benefit of ammonia production on survival under acidic conditions, cultures of L. reuteri 100-23 strains were grown to an optical density (A 600 ) of 1.0, and then the cells were harvested by centrifugation (8,000 ϫ g, 8 min), washed three times, and suspended in 0.9% (wt/vol) sodium chloride solution (with or without 2% [wt/ vol] urea) acidified to pH 2.5 using HCl. Cell viability was measured by determining the number of CFU/ml of samples collected every 2 h over 6 h at 37°C. The numbers of CFU/ml were determined by spreading aliquots of culture dilutions on plates of MRS agar medium. The plates were incubated anaerobically for 48 h at 37°C, after which the colonies were enumerated. Experiments were conducted in triplicate.
Measurement of urease activity. To quantify urease activity in Lactobacillus cultures, bacterial cells and supernatants were collected from overnight cultures in MRS medium to which 2% (wt/vol) urea had been added. Supernatants were collected following centrifugation of the cultures for 5 min at 12,000 ϫ g at 5°C and filtered. Deposited cells were washed twice in ultrapure water, suspended in 1 ml of 10 mM sodium phosphate buffer (pH 7.0), and then mechanically disrupted using a bead beater (40 s, 4,800 rpm). The preparation was centrifuged as described above, and the supernatant was retained as the lysate for analysis. To quantify urease activity in mouse stomach contents, digesta (100 to 200 mg) removed from mice that had been colonized for 2 weeks with strain 100-23 or that were Lactobacillus free was suspended in 1 ml of sodium phosphate buffer and then mechanically treated by bead beating (two times for 30 s each time at 4,800 rpm with cooling between treatments). The preparations were centrifuged as described above, and the supernatants were retained as the lysate. Urease activity was quantified using a urease assay kit (Abnova Corporation, Taipei, Taiwan) according to the manufacturer's protocol. Results were normalized by reference to the protein content of the preparations (Bio-Rad Quick Start Bradford protein assay). Triplicate assays of the preparations were conducted.
Genomic analysis. The annotated genome sequence (4) of strain 100-23 was examined to reveal pathways associated with urea hydrolysis. KEGG metabolic pathway tools (www.genome.jp/kegg/) were used to identify general pathways related to urea hydrolysis, while the Integrated Microbial Genomes (IMG) system of the Joint Genome Institute (JGI) was used to assess the specific characteristics of strain 100-23 relevant to urease.
Ammonia from urea hydrolysis as potential nitrogen source for strain 100-23. Urea present in the saliva and gastric juice of the rodent host could provide an ammonium source for urease-producing bacteria (16, 17) . Therefore, experiments were conducted using defined medium to test whether ammonia generated from the hydrolysis of urea could be utilized by L. reuteri 100-23 as a nutrient source (amino acid synthesis).
The JGI annotation pipeline, displayed in the IMG genome browser, suggested that strain 100-23 was prototrophic for some amino acids. Four of these (asparagine, glutamine, aspartic acid, glutamic acid) could potentially be synthesized using ammonia derived from urea hydrolysis as the nitrogen source. Experiments based on the work of Teusink et al. (18) were carried out using a basal medium (pH 6.7; Table 1 ) that did not contain L-glutamic acid (as an exemplar amino acid) but that was supplemented with urea or ammonium citrate as potential nitrogen sources. Basal medium and medium containing L-glutamic acid were used as controls. Two-milliliter volumes of culture medium were inoculated with 50 l of overnight growth in MRS medium-2% urea of either the WT or ureC mutant, the cultures were incubated anaerobically for 24 h at 37°C, and the optical density (A 600 ) of the cultures was measured. Experiments were conducted in triplicate.
Stable isotope-labeled urea probing. To determine the fate of urea when introduced into the murine digestive tract, mice (matched for gender and age, 4 mice per group) colonized with the WT or the ureC mutant or Lactobacillus-free mice were administered 25 mg of 99 atom% [
13 C] urea and 98 atom% [
5 N]urea (catalogue number 490954; Aldrich, St. Louis, MO) by gavage. Six hours later, the mice were killed and liver and urine were collected at autopsy. The samples from each group of mice were pooled for analysis. Protein hydrolysis of these murine specimens was carried out as follows. An aliquot (200 l) of the liver samples prepared in water (10 mg/ml) and a 10-l aliquot of the urine were taken to provide an estimated 2 mg (dry weight) of sample for hydrolysis of the proteins. The samples were lyophilized in 5-ml long-stem Vacule cryogenic ampoules (Aldrich) in triplicate. The dried samples and a sample of bovine serum albumin (BSA; 2 mg) were suspended carefully in 200 l of 6 M HCl containing 0.25% phenol. The tubes were placed under nitrogen and under vacuum, sealed, and incubated at 150°C for 1 h. DL-2-Aminobutyric acid (50 g; 50 l of a 1-mg/ml aqueous solution; catalog number 8.18855.0025; Merck) was added to the hydrolysate as an internal standard, and the mixture was transferred to a clean borosilicate, screwtop tube and dried under a stream of argon. Dry acetonitrile (500 l) was added to the tubes and evaporated under a stream of argon. The hydrolysates were derivatized by adding dry acetonitrile (100 l) and N-(tertbutyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA; 100 l). The reaction mixture was placed under argon, and the tightly capped tubes were incubated (80°C) for 1 h. The cooled solutions were diluted in an appropriate volume of acetonitrile for analysis by gas chromatographymass spectrometry (GC-MS). Standard amino acids (LAA-21; Sigma) and urea were made up in 50 mM HCl (1 mg/ml). A 50-g aliquot of each stock standard solution with 50 g of the internal standard was lyophilized and derivatized for GC-MS analysis in duplicate, as described above. The GC-MS (6890/MSD5973 system; Agilent) conditions were as follows: source temperature, 150°C; quadrupole temperature, 150°C; interface temperature, 320°C; injector temperature, 250°C; emission, 150 A; and ionization voltage, 70 eV. The resulting tert-butyldimethylsilyl derivatives were injected (1 l) onto an HP-5 MS capillary column (25 m, 0.25-mm inner diameter, 0.25-m film thickness), held at 100°C for 1 min, and submitted to a 10°C/min gradient to 300°C. Helium was the carrier gas (1.2 ml/min). Selective ion monitoring of appropriate mass fragments was done to determine the difference in the ratio of stable isotopes between samples and unlabeled standards. The molecular mass of the tBDMS derivative of unlabeled urea is 288 Da, and the primary ion from fragmen- ϩ ϭ m/z 232, 233, or 234 for singly, doubly, and triply labeled urea, respectively) were obtained. Similarly, the primary fragmentation ion from the tBDMS derivative of unlabeled iso-leucine has an m/z of 200, resulting from a loss of CO 2 -tBDMS, and is designated [M-159] ϩ . The labeled derivatives have an m/z of 201, 202, or 203 for singly, doubly, and triply labeled urea, respectively. The error was measured using a Student t test with the confidence interval set at 95%.
Abundances of bacterial groups in stomach digesta. To investigate whether the composition of the collection of commensal bacteria in stomach digesta differed among Lactobacillus-colonized and Lactobacillus-free mice, 100 mg of stomach digesta was added to a tube containing 300 mg of zirconium beads (diameter, 0.1 mm) and 1 ml of sterile TN150 buffer (10 mM Tris-HCl, 150 mM NaCl [pH 8]). The digesta was mixed by vortexing, and bacterial cells were pelleted by centrifugation (14,600 ϫ g, 5 min, 4°C). The supernatant was discarded, and the pellet was suspended in 1 ml of TN150 buffer. The tubes were placed in a mini-bead beater (Biospec Products, Bartlesville, OK), shaken at 5,000 rpm for 3 min, cooled on ice for 1 min, and centrifuged at 14,600 ϫ g (5 min, 5°C). Five hundred microliters of the supernatant was extracted sequentially with 500 l of TE buffer (10 mM Tris, 1 mM EDTA [pH 8.5])-saturated phenol and with chloroform-isoamyl alcohol (24:1). The sequential phenol and chloroform extractions were repeated a further two times. The cleaned DNA was precipitated overnight by the addition of 2 volumes of cold ethanol and 0.1 volume of 3 M sodium acetate at Ϫ20°C. The preparations were centrifuged at 14,600 ϫ g (20 min, Ϫ5°C), and the pellets were dried at room temperature and then dissolved in 50 l of TE buffer. The DNA solution was diluted 1/20 with water prior to quantitative PCR. Real-time quantitative PCR (qPCR) was carried out using an ABI 7500 Fast system in MicroAmp Fast optical 96-well plates with optical adhesive film (Applied Biosystems, Foster City, CA). Primers targeting the 16S rRNA genes of all bacteria and selected bacterial groups commonly found in the fecal microbiota were purchased from Invitrogen (Life Technologies NZ Ltd., Auckland, New Zealand) and are listed in Table 2 . The species used to derive the Lachnospiraceae-specific qPCR primers are given in Tables S1 and S2 in the supplemental material. All reactions were carried out in a final volume of 20 l containing 1ϫ Fast SYBR green PCR master mix (Applied Biosystems), 300 nM each primer, and 2 l of template DNA. The thermocycling program consisted of an initial activation of the polymerase at 95°C for 30 s, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Fluorescence levels were measured after the 60°C annealing/extension step. A melt curve was generated to analyze product specificity. Standard curves were generated using genomic DNA extracted from L. reuteri strain 100-23 and group-specific bacterial species using a Qiagen DNeasy blood and tissue kit and following the protocol for Gram-positive bacteria. The standard DNAs were quantified spectrophotometrically using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and diluted in 10-fold steps from 5 ϫ 10 6 to 5 ϫ 10 1 genomes per reaction mixture, and calculations were performed using the number of target gene copies per genome obtained from genome sequence information (NCBI). All reactions were carried out in duplicate and were run twice on separate plates. No-template controls were also included on each plate. The qPCR results were normalized according to the total 16S rRNA gene target abundance, as measured by qPCR using primers targeting all bacteria (uniF/uniR). Statistical comparisons of abundances were made by Mann-Whitney nonparametric analysis.
Accession number. Study data have been submitted in the GEO database under accession number GSE36286.
RESULTS

Comparisons of L. reuteri in vitro and in vivo transcriptomes.
Microarray results were analyzed for evidence of in vivo-induced genes that might be important in colonization of the stomach. In total, 620 genes in the transcriptome of L. reuteri 100-23 harvested from the mouse stomach were differentially expressed by at least 2-fold compared to the level of expression by log-phase cells from broth culture. Of these, 210 genes showed higher levels of expression in the in vivo samples. This compared to 431 genes that were differentially expressed in the comparison to stationary-phase cells, with 98 genes being expressed at higher levels in the in vivo samples. Sixty-five genes were consistently upregulated in both transcriptome comparisons (Table 3) . Genes encoding acid tolerance mechanisms were among the most highly upregulated L. reuteri 100-23 genes in the stomach. These included the genes Lreu23DRAFT_3554 to Lreu23DRAFT_3556, which encode the gls3-gadB glutamine and glutamate decarboxylase system, and LreuDRAFT-5115 (gls2), which encodes a second glutaminase. A second upregulated locus encoded subunits of the urease enzyme, nickel transport, and accessory proteins. The glutamate decarboxylase system and some of the urease gene cluster (Lreu23DRAFT_4503, Lreu23DRAFT_4506, Lreu23DRAFT_4511) are specific to strains of L. reuteri isolated from rodents (i.e., they are not in human-associated strains, which are distinguished by production of reuterin and cobalamin) (4) . A complete list of gene expression comparisons between in vivo-and in vitro-derived samples is given in Data Set S1 in the supplemental material.
Properties of ureC mutant. Urease activity was detected in the culture supernatant of the wild type but not that of the ureC mutant ( Fig. 2A and B) , whereas only low background levels of activity were detected in cell lysates. The culture medium pH was raised during growth of the WT in the presence of urea but was un- a Genes with a P value of Ͻ0.001 and greater than a 2-fold difference in expression under the two conditions were considered differentially expressed. b Genes encoding glutamate decarboxylase and a glutaminase (gls3-gadB operon).
c Genes encoding urease subunits and accessory proteins.
d Genes encoding a glutaminase (gls2).
changed relative to that for the nonurea controls in cultures of the mutant (Fig. 2C) . Survival in acidified suspensions was enhanced by addition of urea to the preparation of WT cells but was unchanged in the case of the mutant (Fig. 2D ). The mutant strain was able to colonize the digestive tract of mice when introduced as a pure culture but was almost eliminated from the gut in competition with the WT (Fig. 2E and F) . Growth experiments in basal medium supplemented with urea. WT and mutant strains showed similar growth properties (Fig. 3) . The basal medium (lacking L-glutamic acid) supported a minimal level of growth of the strains, which may have been aided by carryover of nutrients from the inoculum. Substantial growth occurred when L-glutamate was added to the basal medium but not when urea or ammonium citrate was provided as a potential source of nitrogen. Therefore, it was unlikely that the production of urease was a nitrogen-scavenging activity in the digestive tract for L. reuteri 100-23.
Stable isotope-labeled urea probing. Ammonia, a common by-product of the metabolism of nitrogenous compounds in mammals, is converted to urea in the liver. Urea provides a safe vehicle for the transport and excretion of excess nitrogen through the kidneys. Detection of the isotopic forms of urea in urine following introduction of [ 13 C, 15 N]urea into the gut provides a method of determining the extent of hydrolysis and resynthesis of urea from 13 CO 2 and 15 NH 3 in the animal body. Nonmetabolized urea appears in the urine triply labeled with stable isotopes (one 13 C isotope, two 15 N isotopes). Urea synthesized from the constituents of hydrolyzed stable isotope-labeled urea is singly or doubly labeled ( 13 C, 15 N, 13 C and 15 N) because of the mixing of labeled and unlabeled constituents in the body. Some of the stable isotopes enter other biosynthetic pathways. Colonization of the gut of mice with L. reuteri 100-23 affected the amount of urea hydrolysis because the greatest difference in the isotopic ratio relative to unlabeled reference urea was for triply labeled urea in the urine of these animals. This was consistent with the excretion of mostly nonmetabolized [ 13 C, 15 N]urea. More hydrolysis of urea occurred in the gut of Lactobacillus-free mice because less triply labeled urea was detected in the urine (Fig. 4A) . The essential amino acid isoleucine, which was mostly labeled with 15 N but which had some molecules doubly labeled ( 13 C, 15 N), was detected in the livers (Fig. 4B ) of all mice, indicating that overall recycling of urea was not affected by the presence of strain 100-23 to an extent that might compromise mouse nutrition.
Abundance of bacterial groups in stomach digesta. Sequences corresponding to Lactobacillus reuteri DNA targets predominated in the stomach of ex-Lactobacillus-free mice colonized by strain 100-23 (Fig. 5A) , whereas bacterial groups characteristic of those found in feces dominated in the stomach digesta of Lactobacillus-free mice (Fig. 5B to E) . The predominance of fecal-type bacteria was associated with a higher level of urease activity compared to that in Lactobacillus-colonized mice (Fig. 5F ).
DISCUSSION
A striking feature of our results obtained by microarray comparisons was the upregulation of genes associated with urea hydrolysis, glutamate decarboxylation, and glutamine metabolism in vivo relative to their regulation in vitro. These functional attributes are related to acid tolerance through the production of ammonia and amines from urea hydrolysis and from glutamate decarboxylation and glutamine metabolism, respectively, which modify habitat pH. The mouse gastric region contains two well-defined areas, the nonglandular (absence of HCl secretion) forestomach, which is lined with a keratinized, squamous epithelium, and a glandular stomach (corpus). The forestomach and glandular stomach are separated by a ridge, the margo plicatus. The forestomach is thus not just a region but is a distinct anatomical structure that serves to store food prior to digestion by murine processes. Rodent strains of L. reuteri have the capacity to adhere to and to proliferate on the epithelial surface of the forestomach, forming a biofilm (5) . Although the pH of the forestomach biofilm is not known, it is likely that fermentation results in an acidic environment in which the bacteria must live. The stomach content, when food is present, has a pH of ϳ3.0 (21). Mutation of the ureC gene resulted in the loss of urea hydrolysis, the loss of acid tolerance, and impaired ecological success in competition with the WT strain. In previous work, mutation of the strain 100-23 dltA gene, associated with D-alanylation of lipoteichoic acids in the bacterial cell wall, also resulted in lowered acid tolerance and poor in vivo competition with the WT (22) . L. reuteri 100-23, although a rodent isolate, ferments sourdough. As demonstrated by Su et al. (23) , addition of glutamate to a suspension of 100-23 cells in acidified phosphate buffer improved survival 100-fold relative to that in buffer alone. A strain mutated in the glutamate decarboxylase gene, a ⌬gadB strain, did not have improved survival. Analogous to colonization experiments in mice with mutated strains of 100-23 (4, 7), the ⌬gadB strain was able to grow in sourdough but was outcompeted by WT in backsloped sourdough fermentations. Recently, the protective role of glutamine deamidation, which functions independently of glutamate decarboxylation (gadB) and which is facilitated by gls3 at pH 2.5 but not pH 3.5, was demonstrated (24) . This study also identified the contribution of the arginine deiminase pathway to L. reuteri 100-23 acid tolerance at pH 3.5 but not at pH 2.5. The arginine deiminase gene (Lreu23DRAFT_3505) was not upregulated in the mouse stomach (see Data Set S1 in the supplemental material), and its expression level was reduced during exponential growth in sourdough fermentation (24) . Similar to the situation in the mouse stomach, gls3 and gadB were highly upregulated during 100-23 sourdough cultivation. A second glutaminase, gls2, was highly upregulated in the mouse stomach but only slightly overexpressed in the sourdough environment (24) . Our comparisons of gene transcription are further supported by comparative metatranscriptomic analysis of gene expression in the conventional mouse forestomach (which contains a mixture of Lactobacillus species) relative to that in the hindgut (which con- tains a mixture of lactobacilli and other commensals), which also showed the upregulation of genes associated with acid tolerance mechanisms in the stomach habitat (25) . Collectively, these observations demonstrate the importance of multiple acid tolerance mechanisms for strain 100-23.
Lactobacillus colonization of a similar anatomical structure, the crop, in the anterior digestive tract of birds also involves the formation of an epithelium-associated biofilm (26) . The acid pH of the digesta in the crop is due to the activities of lactobacilli and prevents colonization by Escherichia coli (27) . Our comparisons of the abundances of different kinds of bacteria in the stomach of mice with or without strain 100-23 showed the marked effect of colonization of the anterior gut of a mammalian host by lactobacilli. In the absence of lactobacilli, fecal-type bacteria (mice are coprophagous animals) were present in much greater abundance. Analogous to the findings for the crop, this might be detrimental to the mouse because the food might not be acidified to the same extent as it is when lactobacilli are present. An altered stomach bacteriology might alter immunological factors in the small bowel, where L. reuteri 100-23 has a downregulating effect on the immune system (28) . The presence of fecal bacteria in greater abundance in the digesta might be proinflammatory (29) .
We found that the biochemistry of the stomach digesta was affected in association with changes in relative bacterial abundances. The amount of urease activity in the stomachs of mice colonized or not colonized by strain 100-23 was different. With lactobacilli present, urease activity was less, presumably due to the suppression of fecal-type bacteria. More urease activity in the stomach of Lactobacillus-free animals might affect urea nitrogen recycling in the murine host. By analogy with ruminants, urea entering the stomach could be later absorbed into the blood or hydrolyzed in the gut by bacterial activity (30) . Stomach bacteria, through the de novo synthesis of amino acids, could utilize the ammonia resulting from urea hydrolysis. These amino acids would become available to the animal host following subsequent digestion of bacterial cells in the small intestine. Alternatively, ammonia could be absorbed from the anterior gut and carried to the liver, where it would be detoxified by the synthesis of urea, most of which is excreted in the urine. Some blood-borne urea would diffuse into the lumen of the large bowel, where members of the microbiota hydrolyze urea and synthesize amino acids using the ammonia. This interwoven relationship between the gut microbiota and the mammalian host might be affected by the amount of urea hydrolysis in the stomach, just as it is when the rumen ecosystem is altered (31) . De novo synthesis of amino acids from urea nitrogen by strain 100-23 could have been important in nitrogen salvage in the murine host. However, despite some genomic evidence that a limited number of amino acids could be synthesized by strain 100-23, a laboratory investigation using basal medium lacking L-glutamate showed that this was unlikely to occur.
Experiments with stable isotope-labeled urea showed that urea nitrogen turnover was greater when lactobacilli were absent, since there tended to be less triply labeled urea in the urine of the animals without the WT strain. Interestingly, urea nitrogen recycling occurred to the same level in both Lactobacillus-colonized and Lactobacillus-free mice, as evidenced by the de novo synthesis of isoleucine, one of the essential amino acids (32) . Since this amino acid cannot be synthesized by mouse enzymes, the availability of isoleucine for the host is (apart from food) dependent on bowel, rather than stomach, bacteria.
Our series of experiments involving comparisons of the results of gene transcription, bacterial mutagenesis, and biochemical and microbiota analysis, as well as analysis of murine physiology, revealed that Lactobacillus urease activity in the stomach resulted in urea hydrolysis (stable isotope studies), the acid tolerance of L. reuteri 100-23, and a reduction in the abundance of other kinds of bacteria in the stomach when lactobacilli were present. These studies therefore improve knowledge of the commensal ecology in all of its complexity and reinforce the importance of these microbes to the welfare of their hosts.
